Abstract Monopile foundations of offshore wind turbines modify the hydrodynamics and sediment transport at local and regional scales. The aim of this work is to assess these modifications and to parameterize them in a regional model. In the present study, this is achieved through a regional circulation model, coupled with a sediment transport module, using two approaches. One approach is to explicitly model the monopiles in the mesh as dry cells, and the other is to parameterize them by adding a drag force term to the momentum and turbulence equations. Idealised cases are run using hydrodynamical conditions and sediment grain sizes typical from the area located off Courseulles-sur-Mer (Normandy, France), where an offshore windfarm is under planning, to assess the capacity of the model to reproduce the effect of the monopile on the environment. Then, the model is applied to a real configuration on an area including the future offshore windfarm of Courseulles-sur-Mer. Four monopiles are represented in the model using both approaches, and modifications of the hydrodynamics and sediment transport are assessed over a tidal cycle. In relation to local hydrodynamic effects, it is observed that currents increase at the side of the monopile and decrease in front of and downstream of the monopile. In relation to sediment transport effect, the results show that resuspension and erosion occur around the monopile in locations where the current speed increases due to the monopile presence, and sediments deposit downstream where the bed shear stress is lower. During the tidal cycle, wakes downstream of the monopile reach the following monopile and modify the velocity magnitude and suspended sediment concentration patterns around the second monopile.
Introduction
Renewable energies have to cover 20 % of European global electricity consumption by 2020. The marine renewable energies sector contributes to this objective with resources such as waves, currents, tides and offshore wind. Offshore wind is the most mature of the offshore renewable energy technologies. However, there are still significant questions to answer regarding, for example, the impact offshore wind technologies have on the environment, in particular at array scales. The first offshore wind farm was built in Danish waters back in 1991. By June 2015, 82 wind farms were operational in European waters, with a total installed capacity of 10 GW distributed in the North Sea, the Baltic Sea and the Atlantic Ocean (EWEA 2015) . In the English Channel, five wind farms are planned to be built by 2018 on both sides (English and French), with an expected capacity of 2.8 GW and a sixth wind farm is planned by 2021.
In France, an area located 10 km off Courseulles-sur-Mer (Calvados, Normandy, France) was selected to build one of the first French wind farms. At this location, the water depth is between 20 and 30 m and the bed is composed of sand and gravel. Tidal currents are strong, reaching speeds of 1 m/s during medium spring tides and 1.3 m/s during equinox tides. The influence of waves is weaker, as the area is protected from the Atlantic Ocean by the Cotentin Peninsula. Seventy-five turbines will be installed using monopile foundations with a diameter of 6 m.
Offshore monopile foundations modify the hydrodynamics and sediment transport at local and regional scales. Their impact on sediment transport has been observed in the North Sea by Rees et al. (2006) , Cooper et al. (2008) , Vanhellemont and Ruddick (2014) and Baeye and Fettweis (2015) , for instance. Computational fluid dynamics models (CFD) are able to represent the complex fluid-structure interactions around a monopile (e.g. Roulund et al. 2005 , Kirkil et al. 2008 . However, in general, such techniques are too computationally expensive at regional scales. A possible alternative is to use analytical expressions of drag (e.g. Edelvang et al. 1999) to evaluate the monopile effects on the hydrodynamics, but this method is simplistic. Another option is to analyse the two-dimensional case (e.g. Leballeur et al. 2013 ); however, a three-dimensional analysis is needed to resolved the vertical velocity profile and, in particular, the near-bed velocity, which is essential for sediment transport and bed evolution computations around monopile foundations (Christie et al. 2012) .
In relation to the numerical representation of monopile foundations, a number of different approaches have been adopted. For example, some researchers have parameterized the monopile as an increase in apparent roughness at the monopile location (Lambkin et al. 2009 ), while others have parameterized it as a drag force term in the momentum equations (Navitus Bay Development Limited Ltd 2014). This technique has been used by a number of authors (e.g. Neill et al. 2009; Defne et al. 2011; Venayagamoorthy et al. 2011; Ahmadian and Falconer 2012; Plew and Stevens 2013; Ramos et al. 2013; Yang et al. 2013; Sánchez et al. 2014; Fallon et al. 2014; Nash et al. 2014; Robins et al. 2014; Thiébot et al. 2015) to model the impact of bridge piers, tidal turbines or fish farm pens on flow. Besides addition of drag source terms in momentum equations, Rennau et al. (2012) also implemented source terms in turbulent equations to model the effect of wind turbine foundations on mixing. This approach is used frequently to assess the impact of vegetation on flow (Temmerman et al. 2005; Bouma et al. 2007; Baptist et al. 2007) and to assess the impact of energy extraction by tidal turbines on the flow (Roc et al. 2013) . In the regional model MARS3D, Kervella (2010) parameterized the effect of oyster farming structures on hydrodynamics and sediment dynamics by increasing bed roughness. Ganthy (2011) assessed the impact of seagrass meadows composed by small and flexible Zostera noltii on the hydrodynamics and the sediment dynamics of the Arcachon Lagoon using subgrid parameterizations implemented in the momentum and turbulence equations of MARS3D's hydrodynamic module. It is worth noting that the impact of offshore wind farms on sediment transport is often assessed using the model outputs from a hydrodynamical model to estimate the bed shear stress exceedance on the empirical equations describing mobility of sediment (Lambkin et al. 2009 ; Navitus Bay Development Limited Ltd 2014); however, this method does not allow for a good representation of advection of the resuspended sediment and its deposition downstream of the monopile.
The objectives of this study are (i) to estimate the monopile impacts on the hydrodynamics and sediment transport using a three-dimensional regional model, MARS3D, and (ii) to find a parameterization which is able to reproduce these modifications. MARS3D solves circulation (Lazure and Dumas 2008) and sediment transport (Le Hir et al. 2011) equations and allows reasonable calculation time at a regional scale. This study does not cover the large variety of impacts that a wind turbine farm can produce, such as interaction with waves (e.g. Linton and Evans 1990; de Leon et al. 2011; García-Hermosa et al. 2014) or the windspeed deficit downstream of a wind turbine (e.g. Frandsen et al. 2006) , which, in turn, modifies ocean surface currents (Ludewig 2015) . The study focuses on the area of the future wind farm of Courseulles-sur-Mer (Calvados, France). Monopiles are modelled using two approaches. In the first one, monopiles are explicitly incorporated in the mesh and are represented as dry points. In the second one, a subgrid parameterization is used by adding source terms in the momentum and turbulence equations.
The paper is organized as follows: Section 2 describes the model and the methods used to represent monopiles. These methods are first tested on idealised cases having various characteristics close to Courseulles-sur-Mer site (Sections 3.1 and 3.2) in order to assess the sensibility of the model on current directions, pile diameter and grain size diameter. Then they are applied to the real case using nested ranks (Sections 4.1 and 4.2). Results are finally discussed (Sections 5).
Model description
The MARS3D model used in this study was developed by Lazure and Dumas (2008 where (u, v, w) are the three components of velocity, f is the Coriolis parameter, ρ 0 is the reference density, p is the pressure and τ is the Reynolds stress tensor. The vertical component is calculated by integration of the continuity equation (Lazure and Dumas 2008) , and pressure is calculated from the sea surface elevation. An alternative direction implicit (ADI) scheme is used to solve the barotropic mode (Peaceman and Rachford Jr 1955; Leendertse 1970) , which allows for larger time steps than other methods. In the horizontal, the variables are located on the grid following an Arakawa-C grid staggering. The vertical coordinate is a sigma level coordinate. Nested-grids method is available to impose more precise forcing along open boundaries. Vertical mixing is solved with the generic length scale formulation (Umlauf and Burchard 2003) using coefficients for k-model described in Warner et al. (2005) . Horizontal viscosity depends on grid spacing, and it is expressed following (Okubo 1971) as:
with f visc a coefficient ranging between 1 and 17 (taken between 1.5 and 10 in this study) and Δy being the size of the cell in the y-direction.
The sediment transport module used in MARS3D is described in Le Hir et al. (2011) . It solves the following advection-diffusion equation in the water column:
where C is the sediment concentration, x and y are horizontal directions, z is the vertical direction, w s is the settling velocity and D H and D V are the horizontal and vertical diffusion coefficients.
Erosion and deposition fluxes (E and D, respectively) are calculated using the following formulations (Le Hir et al. 2011) :
where E 0 is a constant of erodibility (kg m −2 s −1 ), τ is the bed shear stress, τ ce is the critical shear stress for erosion and n = 1.5, and
where C b is the concentration extrapolated close to the bottom using a Rouse profile (Le Hir et al. 2011 ). The critical shear stress for erosion τ ce and the settling velocity w s are calculated following Soulsby and Whitehouse (1997) and Soulsby (1997) , respectively. The choice of the formula to estimate the transport rate E 0 could modify the estimation of sediment fluxes (e.g. Camenen and Larroudé 2003) , each formula being established in specific conditions. The formula used in this study is based on flume experiments with median sand grain diameter, d, in the 140-450 μm range in current-only conditions (Le Hir et al. 2008) and is expressed as:
In this study, only suspended sediment transport is considered. The quantity of sediments available in the bed varies during the simulation inducing a change of bed thickness in the sediment transport module. However, the bathymetry remains fixed in the hydrodynamical module. The drag force exerted on the flow by the monopile is incorporated here using the method of Ganthy (2011) but with some adaptations, because in Ganthy (2011) vegetation does not fully fill the cells and a coefficient which represents the ratio of the space filled by vegetation by cell area is used. In this study, the monopile fills the cells entirely, and this coefficient is not taken into consideration.
The drag force per unit area, F d (F x d , Fy d ), induced by the monopile, is expressed in the horizontal directions (x and y) as:
where C d is the drag coefficient, D is the diameter of the pile, u ∞ (u ∞ , v ∞ ) is the undisturbed current velocity upstream of the pile, Δx and Δy are the horizontal grid sizes and . is the L 2 norm. These terms, divided by the water density ρ 0 , are added to the right hand side of equations (1) and (2), respectively. Dependence of C d on several parameters is determined by modelling benchmark test cases. Results of simulations indicate that the drag coefficient C d depends on the depth (z), on the horizontal viscosity (ν H ) and the angle (θ ) between the input current and the longitudinal axis. The drag coefficient is doubled at the bottom cell. This increase of the drag coefficient close to the bed can be justified by the velocity dependence on the drag coefficient (increasing strongly for lower velocities-cf Achenbach 1968) and a different shape of the obstacle (junction of the bed and the cylinder). Using a higher C d value close to the bottom could also be interpreted as a way to account for the presence of the horseshoe vortex, that cannot be explicitly computed with the used discretisation in the regional model. Additionally, horseshoe vortices usually have the size of a diameter (Roulund et al. 2005) , which is coherent with the doubling of the C d value for a given pile diameter. Because of the grid type (Arakawa-C), with rectangular cells, and the spatial resolution, the monopiles modelled with both approaches have sharp edges. The monopile shape influences the drag coefficient (e.g. Lindsey 1938 ). For weak mixing (for instance ν H = 0.10 m 2 s −1 ), C d has to vary with the angle θ . For a strong horizontal viscosity (i.e. above 0.2 m 2 s −1 ), mixing smooths the effect of these sharp edges and C d does not depend on θ .
With these modifications, the turbulence equations for vertical viscosity become:
where k is the turbulent kinetic energy, is the dissipation, P represents the effects of shear production and C 1 , C 2 , s k , s ψ are empirical constants. Buoyancy is neglected in turbulence equations. For a k − turbulence model, their default values are C 1 = 1.44, C 2 = 1.92, s k = 1, s ψ = 1.3 and F wall = 1 (Umlauf and Burchard 2003) .
The distance between the pile and the location (i ∞ , j ∞ ) where the velocity is considered undisturbed (u ∞ ) was determined using the dry point approach for a pile with a diameter of 6 m and input velocities ranging between 0.3 and 1.2 m/s. Velocities are considered undisturbed when they differ from the velocity at the entrance of the domain by 1 % or less. Based on these tests, the velocity u ∞ is set 90 m upstream of the pile. In the following simulations, the location (i ∞ , j ∞ ) varies with the current direction. It is determined such as (i) the line monopile-(i ∞ , j ∞ ) is collinear with current vector at the entrance of the domain, and (ii) the distance between the location of the undisturbed velocity and the monopile is 90 m.
The modifications on the hydrodynamics and sediment dynamics induced by the monopile foundations will be presented using the relative difference which is expressed for a variable V as :
where V monopile and V ref are the values of the variable with and without monopile, respectively. The use of the dry points or parameterization approach will be indicated in each case.
Idealised cases

Configuration
The aim is to simulate the flow around a monopile. The results given by the parameterization are compared with those of the dry cell points method. Previously, Rivier et al. (2014) performed simulations on an idealised case which reproduced the semi-diurnal tidal cycle. In the same study, velocity downstream of a monopile simulated with the dry point approach were also compared with experimental measurements. Figure 1 shows the mesh around the monopiles for two different diameters of monopile (6 and 15 m). Grey cells are considered as dry points in the first approach, and the parameterizations are applied in these grey cells in the second approach. The domain is a rectangular area 2100 m long, 900 m large and 30 m deep, which is a typical depth of the future windfarm at Courseulles-sur-Mer. The horizontal resolution and the time step are 3 m and 0.5 s, respectively. The water column is divided into 15 sigma levels that are equally distributed. Dirichlet conditions are used for velocity and sea surface height at boundaries and the incoming velocity is set to 0.6 m s −1 . The monopile is located in the middle of the domain. Four values of horizontal viscosity between 5.3×10 −2 , and 3.5×10 −1 m 2 s −1 are tested against laboratory data and a simulation by Li et al. (2014) . Simulations using ν H = 1.0 × 10 −1 m 2 s −1 (f visc = 2.8 in Eq. 3, Fig. 2) give the best description of the hydrodynamics. The study of idealised cases is performed with this value of ν H . The capacity of the model to represent the hydro-sedimentary effects of the monopile is evaluated. Table 1 summarizes the different configurations tested with variations in the velocity directions , the diameter of the monopile, the grain size diameter and the origin of the sediment (bed or input from boundaries). In the sixth simulation, the very fine sediment (with a diameter of 65 μm instead of 250 μm), is initially only in the water column (instead of in the bed) and is applied at the boundaries with a concentration of 5 mg/l. C d is chosen, in agreement with measurements made by Achenbach (1968) for Reynolds numbers between 3.6 × 10 6 and 9 × 10 6 , and in agreement as well with the value of C d for the Baltic Sea taken by Rennau et al. (2012) , equal to 0.65 for θ = 0 • in the water column, except for the cell closest to the bottom where it is twice that value (horizontal viscosity equal to 1.0 ×10 −1 m 2 s −1 ). C d increases for θ = 20 • and θ = 40 • because of the sharp edges of the grid. More details about increase of C d are given in Section 2. The roughness length z 0 is constant over the computational domain, and is taken as 3.5 × 10 −4 m as suggested for mixed beaches of sand and gravel (Soulsby 1997) .
Numerical results
Figures 3 and 4 show the relative difference (defined in Eq. 12) of velocity magnitude at the surface, near the bed and in the water column along the central axis, including the monopile, for θ = 0 • (case 1 of Table 1 ). The parameterization method (right) reproduces well the patterns obtained with the explicit method (left). With both approaches, the current velocity decreases in front of the monopile and increases on the side (as expected). A wake forms downstream of the monopile, where the velocity strongly decreases. The pattern and the intensity of the relative difference of velocity induced by the monopile is not the same close to the bed (Fig 3c, d ) and at the surface (Fig. 3a, b) . The area on the side (front) of the monopile where the current speed increases (decreases) is larger near the bed than at the surface.
The transversal cross-section plots (Fig. 4) confirm this difference of monopile effect on velocity depending on the vertical position in the water column. The parameterization reproduces well the vertical profile of relative difference of current velocity modelled with the dry point approach, especially in front of the monopile, and downstream close to the bottom. Figure 5 shows the relative difference of current velocity with different current directions (cases 2 and 3 of Table 2 ). Due to the dependency of C d on the flow direction, the pattern of relative difference are similar with both approaches for both angles. Patterns are still the same with different angles. The difference between the surface and the bottom is observed for the direction as well. For a larger value of horizontal viscosity (i.e. 0.2 m 2 s −1 ), the velocity fields obtained with the parameterization method are similar to those obtained with the dry point approach without changing C d with θ . Figure 6 presents the relative difference of bed shear stress and bed thickness for two different monopile diameters. For both cases, bed shear stresses are in agreement with the fields of near-bed current velocity (Figs. 2 and 3c ). With the diameter equal to 6 m (Fig. 6a, b, c, d and case 1), the presence of the monopile increases the bed shear stress at the side and decreases it in front of and downstream of the cylinder. For case 4 (Fig. 6e, f) , simulations are run with a higher Reynolds number (Re = 9.0 × 10 6 ) and a larger monopile (D = 15 m) which is included in 21 cells instead of 4 for the first test case. Vortices appear downstream of the monopile, leading to a periodical increase of the bed shear stress in the wake of the monopile. The increase of the bed shear stress leads to erosion of the bed. For case 1, the suspended sediment concentration increases close to the bottom and the bed thickness decreases at the side. The bed is not eroded downstream of the monopile because the bed shear stress is lower than the critical bed shear stress for erosion at this location. Sediments eroded close to the monopile are deposited upstream and downstream, especially on the side of the wake. The bed is eroded with ripples for case 4 because of the oscillations downstream of the monopile (Fig. 6f) .
A simulation with a larger grain size diameter, equal to 500 μm, was also run (case 5 of Table 1 ). The resulting relative difference of bed thickness is presented in Fig. 7 . For this grain size, corresponding to the sediment median grain diameter at the Courseulles-sur-Mer area, the bed shear stress does not increase enough to cause sediment erosion around the monopile (with a input current equal to 0.6 m s −1 ).
For case 6, very fine sand (diameter of 65 μm) is introduced in all the water column and at the boundaries. These very fine sediments are still in suspension at the surface downstream of the monopile: a turbid wake appears (Fig. 8) .
4 Real configuration: Courseulles-sur-Mer (Calvados, France)
Configuration
The regional model MARS is applied in two (2D) and three dimensions (3D) in the domain of interest on November 2011. This study focuses on one semi-diurnal tidal cycle on the 11th of November 2011. This date is chosen because the tide range is medium (tidal range equal to 5.6 m) and waves are weak. Hence, waves are neglected in this study. Five nested domains (also called ranks), described in Table 2 Table 1 Fig . 4 Relative difference (Δ rel defined in Eq. 12) of magnitude of current velocity (V) inside the water column along the central axis using the dry point method (a, dry cells are shown in grey) and the parameterization (b, black lines indicate pile location). The numerical parameters are those of case 1 presented in Table 1 and depicted in Fig. 9 , are used to allow a high resolution and to take into account explicitly the monopile in the mesh. Ranks 0, 1, 2, and 3 are solved in 2D to reduce computational time and cost. Rank 4 is initialized with the velocity fields from the previous rank and is solved in 3D with 15 levels in the water column. It is coupled with Table 1 the sediment transport module which starts on the 11th of November 2011 at 09:00, when the hydrodynamics are well established. For rank 0, data from SHOM (French Navy) force the sea surface height and zero velocity gradients are imposed along open boundaries. Data from the previous ranks are used to force velocities and sea surface elevation along open boundaries for the other ranks (Dirichlet conditions). A network of four monopiles with a diameter of 6 m is placed in this last domain, with a positioning similar to the configuration of the Courseulles-sur-Mer wind farm, using both approaches. The mesh around the monopile is the same as in the idealised cases (Fig. 1a) . The bed thickness is set to 1 m with a homogeneous sediment grain size diameter of 250 μm, typical for sand. Fig. 7 Relative difference (Δ rel defined in Eq .12) of bed thickness (BT) using a sediment with a grain size diameter equal to 500 μm and a pile diameter equal to 15 m after 6 h. Dry cells are shown in grey. The numerical parameters are those of case 5 presented in Table 1 In a real configuration, the flow is more turbulent due to variations of bathymetry for instance. To take into account this increase of mixing, f visc is set to 10, which leads to a horizontal viscosity of 0.35 m 2 s −1 for rank 4 (with spatial resolution of 3 m), compared to a viscosity of 0.1 m 2 s −1 for the idealised cases. However, this increase of the horizontal viscosity reduces the effect of the drag force F d on the flow. In consequence, C d is increased to 1 to maintain a qualitative similarity (in terms of velocity magnitude and spatial distribution) between the two methods. For this value of horizontal viscosity, C d is the same for all current directions because horizontal mixing smooths the effect of Table 1 Fig. 8 Relative difference (Δ rel defined in Eq. 12) of suspended sediment concentration (SSC) at the surface averaged over 12 h using a sediment with a grain size diameter equal to 65 μm and a pile diameter equal to 15 m. Dry cells are shown in grey. The numerical parameters are those of case 6 presented in Table 1 sharp edges. C d is still twice higher in the cell closest to the bottom (see Section 2).
Numerical results
Figures 11, 12 and 13 show the relative difference of nearbed velocity due to a network of four monopiles located off Calvados during a semi-diurnal tidal cycle at three different instants, described in Fig. 10 : during ebb tide (T1, Fig. 11 ), at slack water (T2, Fig. 12 ) and during flood tide (T3, Fig. 13 ). At each time step, a wake downstream of each monopile is formed and its length and shape differ. The dry points approach and parameterization lead to similar results.
During ebb tide (time T1, Fig. 11 ), wakes are longer than the distance between monopiles, so longer than 950 m. The decrease of velocity is above 10 % up to approximately 500 m downstream and above 5 % 1500 m downstream. The flow has not reached the undisturbed velocity flow up to 2 km downstream of the monopiles.
At slack waters (time T2, Fig. 12 ), the current direction changes and the velocity magnitude is small (<0.15 m s −1 ). Wakes are small (<100 m) and do not reach the monopile from the other rows. An area where the velocity increases is seen between the monopile located at the western part of the domain. However, this velocity increase is not significant (<5 % of 0.15 m s −1 ). Figure 14 shows time-series of the barotropic velocity's magnitude at three locations between the two monopiles located at the bottom of the domain. These three locations, shown on Fig. 13 , are P1, 23 m behind; P2, 66 m behind; and P3, 283 m behind the first monopile. During ebb tide (until 17:00), the velocity magnitude is not modified by the monopile's presence except at point P1. This point is included in the area where the velocity decreases in front of the monopile, when the current direction is north-west. During flood tide, the velocity's magnitude strongly decreases, especially in the two first points P1 and P2. Differences between results with the dry cells and the parameterization methods are observed at P1, but at P2 and P3 similar results are observed with the two approaches. The velocity's magnitude decreases at point P3 between 20:00 and 21:00 when the flow wake reaches this point.
The patterns simulated around the first monopile (Fig. 15, top , located at the bottom left-hand side in Fig. 11 ) are in agreement with the patterns found in the idealised cases (Figs. 3 and 5) with both approaches. However, results Table 2 differ around the monopile located downstream (second monopile, located at the bottom right-hand side in Fig. 11 ). The increase of velocity at the side and the decrease in front of the monopile are lower around the second monopile than around the first monopile. These changes of velocity fields lead to modifications of the bed shear stress. Hence, the quantity of sand eroded and the concentration of suspended sediment (Fig. 16 ) are modified. Modifications are stronger for the relative difference of suspended sediment concentrations in comparison to the relative difference of near-bed velocity, because the erosion flux is a function of the square of the nearbed velocity. However, the wake behind the monopile is similar for both monopiles. Figure 17 shows the relative difference of bed thickness after 12 h after the start of the sediment transport module around a monopile (monopile located at the bottom lefthand side in Fig. 11) . Results with both approaches are similar. The bed is eroded at the side edge of the monopile in the same manner as for test cases with a fixed current. Because of the tidal cycle, sediments deposit alternately at the left and at the right side of the monopile. The pattern of deposition is not exactly symmetric. Erosion and deposition are higher close to the monopile with the parameterization in comparison with the dry points method.
Fig. 14 Time series of barotropic velocity's magnitude at points P1, P2 and P3 without monopile (black, WP), and with monopiles using explicit approach (green, PILE) and parameterization approach (red, PAR). P1, P2 and P3 are located in Fig. 13 
Discussion
Simulations of idealised configurations clearly show that velocity fields are differently modified by the monopile near the bed and at the sea-surface. The vertical structure of our simulated velocity fields are in agreement with measurements by Graf and Yulistiyanto (1998) and Dargahi (1989) , who also observed differences in the wake width near the flume bed and at the surface. Hence, these 3D aspects are not artefacts of numerical modelling and have to be considered. Physically speaking, the flow is differently modified by the monopile close to the seabed due to the appearance Table 2 of the horseshoe vortex (Sumer and Fredsøe 1997; Roulund et al. 2005) . This horseshoe vortex appears in front of and at the side of the monopile because of flow interactions with the seabed and the monopile. However, our horizontal resolution of 3 m is not able to fully reproduce horseshoe vortices, especially in the cases with a pile diameter of 6 m. This is due to the fact that the diameter of the horseshoe vortex is less than the pile diameter (Roulund et al. 2005) , so less than the size of two cells. In the case where the pile diameter is larger (15 m), a more complex flow structure is reproduced by the model. This is due to a higher Reynolds Table 2 Fig. 17 Relative difference (Δ rel defined in Eq. 12) of bed thickness (BT) induced by the monopile located at the bottom left-hand side in Fig. 11 in Courseulles-sur-Mer wind farm after 12 h using explicit approach (left, dry cells are shown in grey) and parameterization approach (right, black lines indicate pile location). The numerical parameters are those of rank 4 presented in Table 2 number on the one hand and to a higher number of cells to represent the monopile on the other hand, leading to a better resolution of flow around the monopile. Results of this case are similar to those with a 6-m-diameter monopile computed with a finer resolution. Using a finer resolution may improve the accuracy of the flow-field near the monopile with more and more physical flow features reproduced. But this was not the aim of the study and regional models are not the best suited for that. Similar differences in the water column are found using various current directions in idealised cases and in the real configuration. This highlights the importance of using a 3D-model when processes close to the bed are studied, in agreement with the observations by Christie et al. (2012) . Using nearbed velocities (instead of depth-averaged velocities) to estimate bed shear stresses leads to a more accurate estimation of the bed shear stress.
The quality of the estimated nearbed velocity has direct consequences on bed shear stress estimation. In case 1 (monopile with diameter of 6 m and represented by four cells), the spatial distribution of bed shear stress is in agreement with Dargahi (1989) , Roulund et al. (2005) and Dixen et al. (2012) : the bed shear stress is amplified at the sides of the monopile and decreases in front of it. However, the intensity of the effect of the monopile is underestimated by a factor around 5-6. With a larger monopile (case 4, diameter of 15 m), the evolution of the bed shear stress upstream of the monopile is particularly well reproduced, the decrease of the bed shear stress due to the monopile is located at a distance of 0.6 diameter as in Dargahi (1989) .
Bed shear stress plays a key role in assessing erosion fluxes and more erosion occurs where bed shear stress increases. In the idealised cases with a constant current, the pattern of bed thickness is representative of the first steps of erosion: the bed thickness, initially identical, decreases at the side of the monopile, where bed shear stress is increased. In our model, no erosion occurs in front of the monopile, while Jensen et al. (2006) for instance observed scour all around the monopile. This may be due to the fixed bed around the monopile considered in the hydrodynamical module. This is supported by the work of Dixen et al. (2012) who predicted different distributions of the bed shear stress depending on the shape of the bed around a cylinder. When the bed starts to be eroded, the bed shear stress distribution could change and erosion could occur at new locations. A possible solution to account for seabed morphology modification in our model would be to take into account the variation of the bed thickness in the hydrodynamical module, using a morphological module for instance. However, it is not possible to include this in the present model because scour depth and scour extent are inferior to twice the pile diameter (Whitehouse et al. 2011; Høgedal and Hald 2005) . And the only few cells of our grid at this place would not allow an accurate estimate of the scour hole. This phenomena could be parameterized (like for sand ripples) with an increase of bed roughness in cells close to the monopile where scour occurs. With a larger monopile (case 4), the pattern of deposition downstream of the monopile is well reproduced by the model with creation of ripples. This, in contrast, is in agreement with measurements of Jensen et al. (2006) . In the real configuration, sediments are resuspended at the side of the monopile, where the bed thickness decreases. And these sediments are deposited alternatively at the left and right-hand side of the monopile due to the change of current direction along the tidal cycle (see Fig. 17 ). During an entire tidal cycle, the monopile located at the bottom left-hand side in Fig. 11 is reached by the flow wake of the monopile located at the bottom right-hand side during ebb tide. Less sediments are resuspended at the side of the monopile when the wake of a monopile located upstream reaches the studied monopile as the upstream velocity is lower owing to the presence of the wake. This can explain why less sediments are deposited at the left-hand side of Fig. 17 and the asymmetric pattern of the relative difference of the bed thickness in the real configuration.
From Figs. 11 and 13, the wake lengths observed in the real configuration (time T1 and T3) are in agreement with wake lengths downstream of real offshore wind turbines observed using remote sensing by Li et al. (2014) (current wake) and by Vanhellemont and Ruddick (2014) (turbid wake). Turbid wakes do not appear downstream of the monopiles in the present computations. Here, the seabed is composed of sand and the settling velocity of sand is too large to create a plume downstream of a monopile. Very fine material could create a plume, as shown in Fig. 8 , and as observed in the London Array (Vanhellemont and Ruddick 2014) where fine material is present. However, measurements made by Baeye and Fettweis (2015) in the North Sea around the Belwing offshore wind farm suggest that biofouling of the monopiles and scour protections could also be responsible of turbid wake downstream of a monopile. Organic suspended particulate matter have to be taken into consideration to evaluate turbidity resulting from the installation of a wind farm, in order to study the attenuation of light. This has a major impact on primary production by phytoplankton.
This study could be extended to a larger number of monopiles. Modelling shows that a monopile located in this wind farm interacts only with the monopiles located in the same row (see Figs. 11, 12 and 13) . From the present computations, the main consequence of this interaction is the modification of the flow at the side of monopile, the wake of the downstream monopile being apparently not modified. It is expected that the pattern of relative difference of velocity magnitude will be similar to the pattern found at the bottom of Fig. 15 around all monopiles located in the wind farm (except the fist line), when current direction and rows are aligned. For other instances, distribution of relative difference of velocity magnitude is expected to be similar to those found in the idealised case. However, further studies on configurations with larger numbers of turbines would be required in order to provide more detailed insights.
Regarding the dry cell or parameterization approaches, each of them present advantages and drawbacks. The dry point approach takes the monopile into account explicitly and it is expected that it is more precise. The accuracy could be easily increased using a higher resolution which would allow to represent the monopile with a larger number of cells. But calculation time will also increase. A simulation was made with a resolution equal to 0.5 m using a pile with a diameter equal to 6 m. The pattern of computed velocity was similar to the one obtained using a monopile with a pile diameter equal to 15 m and a resolution equal to 3 m. This confirmed that the number of cells representing the pile is important. However, it is not the purpose of a regional model to use very small cells. The resolution was chosen here to allow, with reasonable CPU times, computations of several monopiles in a configuration of a real wind farm. Moreover, the hydrostatic assumption, for instance, could become erroneous when too small cells are used. A classical CFD software would be more adapted for finer resolution. Another disadvantage of the dry point approach is that it introduces a discontinuity between dry and wet cells in the model, which lead to asymmetry in velocity fields (Fig. 3, left) . This problem is not encountered while using parameterization (Fig. 3, right) .
The advantage of the parameterization is that it can be adapted even with a coarser resolution in order to represent an entire wind farm with fairly low calculation time. Tests were made in an idealised case to represent a monopile with a diameter equal to 6 m in a grid having a horizontal resolution equal to 6 m (not shown here). In that computation, the parameterization technique was also able to reproduce the wake downstream of the monopile. However, the drag coefficient had to be increased to counterbalance the smoothing of the flow due to the coarser resolution. In contrast, it is difficult to impose a drag force on a large number of cells close together, and the parameterization cannot be used with a very fine resolution. In fact, a very small time step would be required for such computations. Parameterization could be improved by a dynamical estimation of the distance between the monopile and the location where the velocity is considered undisturbed (free stream velocity) in the Eqs. 8-11. Here, it is taken 90 m away from the monopile. This distance is constant whatever the current is. However, in the regional configuration, modifications of the current between this point and the monopile, due to bathymetric changes for instance, are not taken into account. This distance may be modified in regional cases to calculate the drag force with a more appropriate velocity. This has to be analysed further in order to characterize better the free stream, and to adapt the distance to the flow characteristics in order to avoid non-physical perturbations of the flow.
Conclusions
Two approaches to model the modifications due to offshore wind monopile foundations on hydrodynamics and sediment transport were tested on idealised cases and in a regional configuration. The spatial distribution of velocity, and hence bed shear stress, simulated with the explicit resolution and the parameterization of the monopile, are similar and in agreement with previous research. Vortices are reproduced using a larger monopile which is represented with more cells in the mesh. This leads to the formation of ripples downstream of the monopiles and improves the simulation of the bed thickness evolution. Erosion of the bed and suspended sediment concentration are in agreement with the simulated bed shear stress. The deposits of resuspended sediment downstream of the monopile are well represented because of the use of a sediment transport module which solves advection-diffusion equations. Regional modelling using four monopiles shows that the modifications on the hydrodynamics due to offshore wind monopile foundations can reach the foundation of a wind turbine located downstream, and interactions between monopiles could be observed. In the present study, the relative decrease of velocity due to the upstream monopile wake is equal to 6 % close to the downstream monopile for the flow at medium tide.
Modelling of turbulence could be improved close to the monopile with a good representation of vortex fields. Rogan et al. (2014) performed measurements of turbulence around a monopile in a basin and a formulation of the turbulence around the monopile was established experimentally (Abcha et al. 2015; Rogan et al. 2016 ). This empirical formulation could be directly introduced in the model to parameterize the impact of a cylinder on turbulence (these experiments were however performed for smaller Reynolds numbers, between around 4 ·10 3 and 2 ·10 4 , than in our simulations). Moreover, at the present time, advection of turbulent terms in k-equations is not implemented in the model. As a consequence, turbulence source terms added at the location of the monopile in the parameterization scheme are not advected. Adding advective terms could lead to an improvement. Also, during storm events, action of waves is not negligeable. Gunnoo et al. (2014) shows the interaction between wave and current with resonance and modification of Strouhal number. The effect of waves on the hydroenvironmental impacts of the monopile could be considered by the use of the 3D fully-coupled wave-current model MARS-WW3 (Bennis et al. 2011; Bennis et al. 2014 ) and the effect of the monopile on waves could also be parameterized by adding, for instance, a drag force at the monopile location.
